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We discuss how remote observations of gamma-ray lines and continua provide 
information on the population of electrons and ions that are accelerated in solar 
flares. The radiation from these interactions also provides information on the com
position of the flaring chromosphere. We focus our discussion on recent RHESSI 
observations and archival observations made by SMM and Yohkoh. 

I. INTRODUCTION 

Eruptive solar events such as flares and shocks from coro
nal mass ejections (CMEs) accelerate electrons and ions to 
high energies. The solar energetic particles (SEPs) that reach 
interplanetary space have origins in both flares and CMEs 
(e.g. Reames, 1999) and there is debate over their relative 
importance (e.g. Cane eta/., 2003; 7Ylka eta/., 2005; Li and 
Zank, 2005). Timing (e.g. 7Yika et a/., 2003) and composi
tion studies support the idea that flares are primarily respon
sible for the ' impulsive' electron and 3He-rich particle events 
in space and also contribute a seed population (Mason, 
Mazur, and Dwyer, 1999) for 'gradual ' events that have their 
origin in CME-produced shocks. The processes that impul
sively accelerate particles into interplanetary space along 
open magnetic field lines may also generate the ions and 
electrons along closed loops that interact in the chromo
sphere and photosphere. 

In Figure 1 we show a cartoon depicting injection of accel
erated particles (e.g. Miller eta/., 1997; Aschwanden, 2004) 
onto a closed magnetic loop, their transport, and their impact 
on the solar atmosphere. Calculations of the gamma-rays 
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and neutrons resulting from these interactions have gener
ally assumed that they take place in a thick target atmos
phere (e.g. Ramaty et a/., 1996) having photospheric or 
coronal compositions (e.g. Anders and Grevesse, 1989; 
Reames, 1995); however, there was one flare in which the 
emission was believed to arise in a thin target (Ramaty eta/., 
1997). The resulting continuum and line y radiation provides 
a means to remotely measure the characteristics of these 
trapped particles and relate them to the particles that escape 
from the same acceleration site at the Sun on open field 
lines. The flares of 2003 October 28 and November 2, and 
2005 January 20 offer the best opportunity for making 
simultaneous measurements of these two particle popula
tions. Other papers in this monograph will discuss the parti
cles . measured in space. In this paper we discuss the 
relationship between the > l 00 ke V photon emissions and 
both the accelerated particles and the solar material in which 
they interact. We summarize some preliminary results 
derived from new RHESSI and archival SMM and Yohkoh 
observations. 

2. WHAT PRODUCTS OF PARTICLE 
INTERACTIONS TELL US ABOUT 

FLARE-ACCELERATED ELECTRONS AND IONS 

In this Section we briefly discuss the products of flare
accelerated electrons and ions that impact the Sun (Figure I). 
Electrons produce a bremsstrahlung continuum that reflects 
their spectrum. For example an electron spectrum following 
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Figure 1. Cartoon showing particle acceleration, magnetic loop transport, interaction in the solar atmosphere, and interaction products. 
Yohkoh image of limb flare is shown in upper left comer (Masuda et a/., 1994). 

a power-law in energy with index f3 produces a photon spec
trum with index -/3 - I from 0.3-1.0 MeV (Ramaty eta/., 
1993). Protons and a-particles interact with ambient solar 
nuclei to produce neutrons, r-ray lines from transitions of 
excited nuclei to lower-energy states, positrons from 
radioactive nuclei (Ramaty, Kozlovsky, and Lingenfelter, 
1979), and other forms of radiation. If the incident particles 
have energies above a few hundred MeV /nucleon, n mesons 
are produced that decay with emission of electrons, 
positrons, neutrinos and r rays (Murphy, Dermer, and 
Ramaty, 1987). The neutrons can escape from the Sun and 
be detected at Earth before they decay (e.g. Chupp et a/., 
1982), decay at the Sun, or be captured on H or 3He; capture 
on H in a quiet photosphere produces 2H with emission of a 
2.223-MeV r-ray having a width expected to be .:S 1 eV, 
while capture on 3He produces no r radiation (Hua and 
Lingenfelter, 1987). 

The y-ray lines from ambient nuclei excited by interaction 
of accelerated protons and a particles are Doppler broadened 
by nuclear recoil (Ramaty, Kozlovsky, and Lingenfelter, 
1979; Kiener, de Sereville, and TatischejJ, 200 I). The shape 
of the lines is dependent on the angular distribution, spectrum, 
and assumed alp ratio of the accelerated particles and the 
viewing angle of the observer. The width of the line can be 
characterized by its full-width at half maximum (FWHM) 
although the shape is not always Gaussian. Alpha-particle 
interactions produce broader lines than do protons with the 

same energy/nucleon. The FWHM width of the 4.439 MeV 
line from de-excitation of 12C is typically - 100 keY. Much 
larger Doppler widths result from interactions of accelerated 
heavy ions when they de-excite after interacting with ambi
ent H or He; e.g. the width of the 12C line is -1 MeV FWHM. 
Positrons produced in radioactive decays, following the inter
actions, annihilate with electrons to produce a line at 
511 keV having a width of a few keV and a continuum below 
that energy. 

In Figure 2 we plot the y-ray spectrum observed from 
200 keV to 8.5 MeV by RHESSI during the decay phase of 
the 2003 October 28 flare . Earlier observations by CORO
NAS-F (Veselovsky eta/., 2004; Kuznetsov eta/., 2005) and by 
INTEGRAL (Gros eta/., 2004) revealed an - 1-min interval 
dominated by electron bremsstrahlung up to -40 MeV fol
lowed by an -3-min interval in which strong nuclear emis
sion was observed. The spectrum in the Figure reveals all the 
different components described above. The most distinct 
features are the 511-ke V annihilation line and 2.223-Me V 
neutron capture line that rise above both the electron 
bremsstrahlung continuum and ' narrow' and ' broad' nuclear 
lines from proton-a and heavy-ion interactions, respectively. 

2.1. Bremsstrahlung from Flare-Accelerated Electrons 

The best fitting bremsstrahlung continuum shown in 
Figure 2 has a shape approximated by two power laws with 



1000 
Energy (keY) 

Figure 2. Fitted RHESS/ count spectrum accumulated over the first 
4 minutes of its observation of the 2003 Oct. 28 flare. Fits to the 
bremsstrahlung (dots), annihilation radiation (dots), and a-4He 
(dot-dot-dash), narrow (solid), broad (dashes) and 2.22 MeV 
(dashes-dots) nuclear line components are shown separately. 

spectral indices -3.8 and 2.1 below and above an -460 keY 
break energy, respectively. Such hardening was observed in 
several y-ray flares (e.g. Vi/mer et a/. , 1999) and is larger than 
expected from relativistic effects (e.g. McTiernan and 
Petros ian, 1991 ). This suggests that the accelerated electron 
spectra may harden near -1 MeV The hardening in the October 
28 flare may, in part, be due to a separate electron component 
from decay of high-energy pions whose neutral component 
appears to have been detected in high-energy y-rays by 
CORONAS-F ( Veselovsky eta/. , 2004; Kuznetsov et al., 2005). 
It will be interesting to compare the inferred electron spectrum 
at the Sun with that observed in space for this flare. 

The bremsstrahlung spectrum hardened monotonically 
with time during the flare. This hardening is reflected in the 
decreasing power-law indices above and below the break 
energy that we plot in Figure 3; there was a similar hardening 
during the November 2 flare. It would be interesting to deter
mine whether such hardening was observed in the electron 
spectrum observed in space. The high-energy electron spec
trum can also vary rapidly but not monotonically in flares. 
This is illustrated in Figure 4 that displays variations in the 
single power-law index fit to the bremsstrahlung spectrum 
from the 1989 March 6 flare observed by SMM. 

2.2. Nuclear Lines from Accelerated Particle Interactions 

The 2003 October 28 and November 2 and 2005 January 
20 flares offer a unique opportunity to compare accelerated 
ion spectra and composition at the Sun and in interplanetary 
space. Earlier studies (e.g. Ramaty et a/., 1993) used more 
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Figure 3. Temporal variation of the bremsstrahlung power-law 
indices below (open diamonds) and above (filled diamonds) the 
break energy during the 2003 October 28 flare. 

limited data but demonstrated that the relative numbers of 
accelerated protons at the Sun and in interplanetary space is 
highly variable and may be correlated with whether the flare 
has an impulsive or gradual time profile in soft X-rays. Other 
papers in this volume discuss SEP observations. We discuss 
observations of the characteristics of the accelerated particles 
at the Sun inferred from r-ray observations. 

2.2. 1. Directionality of interacting protons and a-particles. 
The shapes of the 'narrow' nuclear lines provide information on 

2~~~~~~~~~~~~~~~~~~~~ 
14:00 14:10 14:20 14:30 14:40 14:50 15:00 

Start Time (06-Mar-89 13:53:20) 

Figure 4. Temporal variation of the bremsstrahlung power-law 
index during the 1989 March 6 flare. 
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Figure 5. Fits to 4 lines observed by RHESSI during the 2003 October 28 flare. Instrumental Compton scattered and 1st escape peaks 
are visible at high energy. Top panels: 56Fe and 24Mg low FIP (First Ionization Potential) lines; Bottom panels: 12C and 16Q high FIP 
lines. Dotted lines show the rest energies of the de-excitation lines. 

the angular distribution of interacting protons and a-particles. 
We plot four of the lines used in the study of the 2003 October 
28 flare in Figure 5. The lines are red-shifted from their labo
ratory energies (Smith eta/., 2004; Gan, 2005) by an amount 
that is consistent with both INTEGRAL observations ( Gros 
et a/., 2004) and what is calculated for a broad downward
directed distribution of accelerated particles as found in a 
study of 19 SMM flares (Share et a/., 2002). We have simul
taneously fit the energies of strong nuclear de-excitation lines 
in three RHESSI and 19 SMM flares to study their redshift as 
a function of heliocentric angle. In Figure 6 we plot the per
centage line shift for these 22 flares relative to the 4.439 MeV 
laboratory energy of the 12C line. RHESSI detected larger 
redshifts than expected for the heliocentric angles of the 2002 
July 23 (Smith et a/., 2003) and 2003 November 2 flares 
(Murphy and Share, 2005). The RHESSI redshift at 70° 
appears to be barely consistent with the distribution of shifts 
observed by SMM in this preliminary analysis. Such large 
shifts suggest that the magnetic loops constraining the parti
cles are tilted from the normal (Smith eta/., 2003). Such tilts 
are not uncommon; for example, Bernasconi et a/. (1995) 
discuss measurements of flux tubes with an average inclina
tion of - 14 ° relative to local vertical in the photosphere. 

2.2.2. Spectrum of accelerated protons and a particles. 
Line-flux ratios provide an estimate of the energy spectrum 
of accelerated protons and a particles that impact the solar 
atmosphere (e.g., Murphy and Share, 2005). This is possible 
because the cross sections for y-ray line production can have 
significantly different energy dependences (Kozlovsky, 
Murphy, and Ramaty, 2002). As discussed below these deter
minations are dependent on various assumptions about the 
accelerated particles and ambient composition. Comparison 
of fluxes in the 2~e (1.63 MeV) line and in the 160 
(6.13 MeV) and 12C (4.43 MeV) lines provides information 
on the spectrum between -2 and 20 MeV nucleon-•. To 
determine the spectrum from - 10-50 MeV nucleon-• we 
typically compare fluxes in the 5 11-keV annihilation line 
produced following p+ radioactive decays with the 12C and 
160 de-excitation lines. Comparison of the neutron-capture 
line with the 12C and 160 lines provides information on the 
spectrum from - 10-100 MeV nucleon- •. Even though 
nuclear line spectrometers typically are only sensitive up 
to -10-20 MeV they can detect evidence for protons up to 
hundreds ofMeV nucleon- • through detection ofannihi1ation 
radiation from positrons following pion decay (see discussion 
in Section 4.2). 
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Figure 6. Measurements of the percent line shifts relative to the 
4.43 MeV 12C line vs. heliocentric angle made by SMM (squares) 
and RHESSI (solid circles, 2002 July 23: 72°; 2003 Oct. 28: 30°; 
Nov. 2: 60°). 

Ramaty et a/. ( 1995, 1996) evaluated the flare-averaged 
accelerated-particle spectra from 19 SMM flares (Share and 
Murphy, 1995). This determination was dependent on the 
assumed ambient and accelerated particle compositions and 
the simplification that all the accelerated particles have the 
same spectra. We assume a coronal ambient composition 
where the particles interact (Reames, 1995) and that the 
accelerated particles have an impulsive SEP composition. 
This latter composition (Ramaty et a/., 1996) is coronal 
(Reames, 1995) for C, N, Ne, Mg, AI, Si, S, Ca, and Fe rela
tive to 0 but with Ne/0 , Mg/0, SilO and S/0 increased by a 
factor of 3 and Fe/0 increased by a factor of l 0, a/0 = 50, 
and alp = 0.5. With these assumptions the average index for 
the 19 flares was -4.3 between -2 and 20 MeV nucleon-• 
(Share eta/., 2002; Murphy, and Share, 2005). 

From a preliminary analysis, under the same assumptions, 
we f ind that the spectra of the 2003 October 28 (in the decay 
phase) and November 2 flares in the same energy range were 
considerably harder than this average; the power-Jaw indices 
were estimated to be 2.5 ± 0.4 and 2.5 ± 0.9, respectively, 
based on fluxes in the Ne, C, and 0 lines (Share eta/., 2004b ). 
Measurement by INTEGRAL (Kiener et a/., 2005) of these 
same lines appears to conirrm the hardness of the decay 
phase spectrum of the October 28 flare and indicates that the 
spectrum may have been even harder a few minutes earlier. 
Such a hard spectrum is also required to produce the 
observed 511 keV line flux (Share eta/., 2004a) and the 
1t0-decay y-rays that were apparently observed by CORONAS
F just before the RHESSI observations began on October 28 
(Vese/ovsky et al., 2004; Kuznetsov eta/., 2005). Gan (2005) 
suggested that a steeper spectrum would be derived for an 
ambient Ne/0 concentration of 0.15 in lieu of the value of 

SHARE AND MURPHY 181 

i 
- ., 10 .. 
~~ 
Q><V 
~e g g 10 '6 

0~ 
'&. .~ 10 .. e 
~ 

10 '7 

10 .. 
0 2 4 6 8 10 

Energy (MeV) 

Figure 7. Calculated nuclear de-excitation spectra for four power-law 
indices. Text explains assumptions about accelerated-particle and 
ambient abundances. 

0.25 that was assumed (Ramaty eta/., 1996). The solar Ne/0 
ratio is uncertain with recent publications suggesting values 
from -0.15 to 0.4 (Drake and Testa, 2005; Bahca/1 et a/., 
2005; & hmeltz et a/. , 2005; Young, 2005). Power-law spec
tral indices between about 3 and 4 were derived for the 
October 28 flare by comparing fluxes in the 2.223 MeV neu
tron capture line and the C and 0 de-excitation lines (Share 
et a/., 2004a; Tatischejf, Kiener, and Gros, (2005)); there are 
several other parameters that affect this measurement, however. 

Perhaps the hardest spectrum of accelerated particles ever 
observed to impact the Sun occurred during the 2005 January 
20 flare. It differs from the October 28 spectrum plotted in 
Figure 2 in that the narrow de-excitation lines are barely 
detectable, the annihilation line is much stronger relative to the 
2.223-MeV neutron-capture line, and the bremsstrahlung and 
nuclear continua are more dominant. ln Figure 7 we plot calcul
ations of the nuclear de-excitation line spectra as a function of 
the spectral index of the accelerated particles. The nuclear con
tinuum dwarfs the discrete lines for very hard spectra. The 
photon spectrum for this flare extended up to energies in 
excess of tens of MeV with evidence for pion-decay gamma 
rays based on CORONAS-F observations (Priv. Comm. V. 
Kurt, 2005). RHESSI observations throughout the flare show 
significant emission above 10 MeV over and above extrapo
lation of the hard X-ray bremsstrahlung. Such high-energy 
emission produces a significant amount of 511-ke V line radi
ation from material around the RHESSI detectors. For this 
reason we cannot simply use the measured (511-keV)/(2.223-
Me V) line ratio, without correction, to infer the spectrum of 
accelerated particles at the Sun. Work is in progress to deter
mine this accelerated particle spectrum for comparison with 
the spectrum of solar energetic particles observed in space 
(Mewaldt eta/., 2005). 
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Figure 8. Fit to RHESSI 2003 October 28 spectrum revealing the 
a-4He contribution (dots) to the total spectrum after bremsstrahlung 
and other nuclear contributions have been removed; fits to the annihi
lation line (dashes) and continuum (solid curve) are also plotted. From 
Share eta/., 2004; reproduced courtesy of the Univ. of Chicago Press. 

2. 2. 3. Accelerated helium abundance. The intensity of 
the a-4He fusion lines CBe and 7Li) in flares observed by the 
SMM spectrometer has been found to be more intense than 
expected for assumed accelerated alp and ambient 4He/H 
abundances of 0.1 (Share and Murphy, 1997). Kozlovsky, 
Murphy, and Share (2004) set a I a lower limit of 0.35 to the 
alp ratio in the 2002 July 23 flare observed by RHESSI, con
sistent with the SMM observations. Plotted in Figure 8 is the 
spectrum between 350 and 650 keV accumulated from II :06-
11 : 1 0 UT during the 2003 October 28 flare after subtracting 
bremsstrahlung and nuclear contributions. The dotted line 
shows the best fit to the a-4He line shape for a downward 
isotropic distribution of accelerated particles. (In Section 4.2 
we discuss the annihilation line and its continuum that are 
also shown in the Figure.) If we assume that the accelerated
particle power-law index is 2.5 and ambient 4He/H = 0.1, we 
obtain preliminary accelerated alp ratios of 0.65 
(-0.3, +0.15) and 0.4 (-0.15, +0.2) for the 2003 October 28 
and November 2 RHESSI flares, respectively (Share eta/., 
2004b ). Due to differences in the p and a cross sections, we 
derive lower alp ratios for softer particle spectra. We note 
that if the protons and a-particles had different spectral 
indices this will affect the value of the accelerated alp ratio 
derived from the gamma-ray line measurements (Toner and 
Mackinnon (2004)). Gan (2005) concluded that the alp ratio 
in both flares probably did not exceed 0.1. He based his con
clusion on comparative studies of the Ne/0 and n-capture/C 
line flux ratios; this method is rather indirect because the 
results are also dependent on other factors. Tatischeff et a/. 
(2005) used a similar method but did not attempt to draw any 
conclusions about the ratio. As we mentioned earlier it is pos
sible to use the measured de-excitation line shape to estimate 

the alp ratio (Smith et a/., 2003). Although this method is 
most sensitive to the ratio for softer accelerated particle spec
tra than observed in these two flares, Kiener et a/. (2005) 
have used it in the INTEGRAL study of the October 28 flare. 

Our estimate of the accelerated alp ratio is inversely 
dependent on the ambient 4He/H ratio, assumed to be 0.1. 
Feldman, Landi, and Laming (2005) recently measured a 
4He/H ratio of 0.122 ± 0.024 in high-temperature solar flare 
plasmas. Mandzhavidze, Ramaty, and Kozlovsky (1997) sug
gested a method to determine whether these high a-He line 
fluxes are due to an elevated alp ratio and/or to an elevated 
ambient 4He/H ratio. This requires comparison of the fluxes 
in lines produced by a-56Fe (339 keV) and p-56Fe (847 keV) 
reactions. There is evidence for a weak line at 339 keV in 
data obtained with moderate resolution Nal spectrometers, 
consistent with an elevated alp ratio (Share and Murphy, 
1998). Our preliminary assessment is that the spectra of the 
October 28 and November 2 flares may be too hard for the 
339-keV line to be detected because its production cross 
section peaks at low energies. 

Our finding that the accelerated alp ratio inferred from the 
gamma-ray measurements generally appears closer to 0.5 
than to 0.1 can be compared with ratios from 0.005 to as high 
as 0.3 derived from interplanetary particle measurements, for 
impulsive events (Reames, Meyer, and von Rosenvinge, 1994; 
Kallenrode, Cliver, and Wibberenz, 1992). However, these 
measurements were for particle energies of 4.4-6.4 MeV 
nucleon-• that are just below the threshold for the observed 
a -4He fusion lines. Torsti eta/. (2002) reported observations 
up to 100 MeV nucl-1 where the alp-ratio ranged between 
0.15-0.5 for more than 10 hr during particle events on 1998 
May 27 and 1999 December 28. 

The key line features for understanding the accelerated 
3He abundance appear near 0.937, 1.040, and 1.08 MeV 
(Mandzhavidze, Ramaty, and Kozlovsky, 1997). Share and 
Murphy (1998) found evidence for an average 3Hef4He ratio 
of 0.1 in flares observed by SMM and Mandzhavidze, 
Ramaty, and Kozlosky, (1999) additionally suggested that a 
ratio as high as 1 have occurred in some flares. Such high 
3He/4He ratios are consistent with what is observed in 
smaller impulsive solar energetic particle events (e.g. 
Reames, Meyer, and Von Rosenvinge, 1994). Mason et a/. 
(2002) report ratios for 14 impulsive particle events that 
varied between -0.1 and 6.5. RHESSI can more easily resolve 
the 3He lines from other nearby lines. Based only on the 937-
keV line, we obtained preliminary 99% upper limits of 0.8 
and 2.5 on the 3He/4He ratios in the October 28 and 
November 2 flares, respectively (Share eta/., 2004b). 

2.2.4. Accelerated heavy ions. From the fit to the overall 
RHESSI spectrum shown in Figure 2, we note that the broad 
nuclear lines (dashed curve) that are in part due to accelerated 
heavy ions impacting on ambient H can contribute up to about 
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Figure 9. Broad nuclear-line component observed in the summed 
spectrum of 19 flares observed by SMM. The curve shows the 
calculated shape for accelerated particles with impulsive composition, 
alp = 0.5, power-law index 4.5. The broad peaks near 0.8, 4, and 
6 MeV are attributed to Doppler-broadened de-excitation lines from 
accelerated 56Fe, 14C, and 160. The highly broadened peak between 
1-2 MeV is partly due to Doppler-broadened lines from 56Fe, 24Mg, 
20Ne, and 28Si. The histogram is discussed in the text. 

25% of the total flux in certain energy ranges. We see evi
dence for the broad lines near 4 MeV and 6 MeV, attributable 
to flare-accelerated 12C and 160. Unfortunately, there is an 
intense instrumental and nuclear continua below the 2.223-
MeV line that may mask the presence of the broadened lines 
at lower energy, including the 56Fe line near 847 keY observed 
in flares by SMM. Share and Murphy (1999) presented the 
broad-line spectrum from the sum of 19 flares observed by 
SMM; this spectrum is plotted in Figure 9 after the narrow 
lines and bremsstrahlung have been subtracted. Highly 
Doppler-broadened lines from accelerated 56Fe, 12C, and 160 
appear to be resolved. Analysis indicated an - 5 x excess in 
the abundance of accelerated 56Fe relative to its coronal ambi
ent abundance, similar to that found in impulsive SEPs. The 
shape of the spectrum is also in agreement with calculations 
(solid curve) for accelerated particles with an impulsive SEP 
composition, alp = 0.5 (see discussion in Section 2.2.3), 
power-law index 4.5, and downward isotropic distribution. 
Thus impulsively accelerated heavy ions at the Sun and in 
space may have similar compositions. We have preliminary 
evidence that the accelerated Fe concentration may be highly 
variable in flares. In Figure 10 we plot the broad 56Fe line flux 
vs. the broad 12C line flux observed in 19 SMM flares. We 
note that some of the variability may be due to flare-to-flare 
variations in the spectra of the accelerated particles. 

Chadwick et a/. ( 1999) have performed detailed calcula
tions of the total y-ray yield for various nuclei that can be 
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Figure 10. Comparison of broad 56Fe and 12C line fluxes in 19 SMM 
flares. 

used to determine the shape of the unresolved nuclear-line 
and continuum spectrum that have compromised our ability 
to study the accelerated heavy-ion component in flares. The 
histogram plotted in Figure 9 is a preliminary estimate of the 
shape of the unresolved nuclear line and continuum emitted 
from 27Al. 

3. COMPARISON OF ACCELERATED 
ELECTRONS AND IONS 

3. I . Temporal Variations in Accelerated Ions and Electrons 

Important information about the acceleration and transport 
of electrons and ions can be obtained by a comparison of the 
time histories observed in different energy bands of the hard 
X-ray and y-ray spectra. Chupp (1990) discussed an early 
study of SMM data indicating that the peaks in individual 
bursts observed in the 4.1 -6.4 MeV energy band (mostly due 
to ion interactions) were delayed between 2 sand 45 s from 
the corresponding maxima observed in the electron 
bremsstrahlung continuum near 300 keY (see also Share and 
Murphy, 2004c). This delay appears to be proportional to the 
rise time of the pulse. Some of these delays may be explained 
by transport effects in magnetic loops (e.g., Hulot et a/. , 
1992; Murphy and Share, 2005). 

Such delay analyses may not reveal the true complexity of 
the variation between the nuclear and electron emissions, 
however. In Figure 11 we show variations in the nuclear-line 
to bremsstrahlung ratio with time in two flares observed 
by Yohkoh (in the 4-7 MeV region) and one observed by 
SMM (from 0.3-~.5 MeV). The nuclear/bremsstrahlung ratio 
appears to increase with time during the 2001 August 25 
flare, decrease with time during the 200 I April 15 flare, 
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Yohkoh in the 2001 August 25 (top panel) and April 15 flares 
(middle panel) and by SMM in the 1989 March 6 flare (bottom 
panel). 

and show variable behavior in the 1989 March 6 flare. These 
disparate variations are likely due to different phenomena 
such as transport in short and long loops, trapping, and dis
tinct acceleration episodes. We are planning a systematic 
study of these variations in a large sample of flares. 

3.2. Energy in Accelerated Electrons and Ions 

Using the derived accelerated-particle spectra it is possible 
to compare the energies contained in flare-accelerated ions 
and electrons. Ramaty and Mandzhavidze (2000) performed 
this study for 19 flares observed by SMM and found that the 
ions and electrons contained comparable energies. Emslie 
et al. (2004) obtained a similar result for the 2002 July 23 
flare ; for the 2002 April 21 flare they placed an upper limit 
on the energy in ions that is just above that measured in elec
trons. We have made a preliminary estimate of the energies 
contained in protons in the 2003 October 28 and November 2 
flares. We use both RHESSI and INTEGRAL ( Gros et al., 
2004) data for the October 28 flare. The energy in protons is 
strongly dependent on both the spectrum and low-energy cut
off energy. The y-ray line studies provide information on pro
tons with energies ~ 3 MeV. We can obtain an estimate of the 
energy contained in the protons by assuming that the spec
trum extends without a break down to 1.0 MeV and is flat 
below that energy. For a power-law index of 3 we estimate 
that protons contained -1.5 x 1031 ergs in the October 28 
flare and -0.5 x 1031 ergs in the November 2 flare. At present 
there are no estimates for the energy content in electrons for 
these flares. 

4. ACCELERATED PARTICLES PROBE 
THE SOLAR ATMOSPHERE AND PHOTOSPHERE 

Flare-accelerated protons and alpha particles and secondary 
neutrons and positrons all act as probes of the flaring chro
mosphere and photosphere. Gamma-ray emission from their 
interactions have revealed a dynamic chromosphere that 
exhibits the FIP effect seen in the corona and puzzling evi
dence for striking temperature and ionization changes. 

4.1. FIP Effect at Chromospheric Densities 

Fluxes of narrow lines from ambient heavy nuclei 
observed from 19 flares (Share and Murphy, 1995) have been 
used by Ramaty et al. ( 1995) to infer that there is a strong FIP 
effect (overabundance of low first-ionization potential ele
ments relative to their composition in the photosphere) where 
the particles interact ( ~ 1014 H cm-3; see e.g ., Murphy and 
Share, 2005), suggesting that the ambient plasma has a coro
nal composition. Laming (2004) provided an explanation for 
the FIP effect under less dynamic conditions at lower densi
ties ( -1012 H cm-3) . Share and Murphy ( 1995) pointed out 
that the FIP ratio appears to vary from flare-to-flare. The 
average low-FIP (Fe, Mg, Si) to high-FIP (Ne, C, 0) line 
ratio for 19 SMM flares was -0.45. Murphy et al. (1997) 
showed evidence that the FIP ratio can increase with time in 
an extended flare observed by CGRO/OSSE. Evidence for 



0 0.8 
·.c ., 
a:: 
tt: 
J:. 
.~ 0.6 

~ 
~ 
.3 0.4 

1.0 

0.8 

0.6 

0.4 

0.2 

SHARE AND MURPHY 185 

17:16 17:20 17:24 17:28 
Start Time (02-Nov-03 17:13:20) 

Figure 12. Variation in Low-FIP!High-FIP line ratio observed in the 2003 October 28 and November 2 flares observed by RHESSI. 

increase in the ratio is also provided by RHESSI observations 
of the 2003 October 28 and November 2 flares (Share et al. , 
2004b; Shih et al., 2004) plotted in Figure 12. These obser
vations suggest that the accelerated particles interact in ambi
ent compositions that change with time. It would be of 
interest to determine whether chromospheric evaporation of 
this fractionated material could contribute significantly to the 
coronal material and provide seed material for subsequent 
acceleration into interplanetary space. We plan on studying 
the larger SMM data base for additional evidence of temporal 
changes in the ambient composition. 

4.2. Positrons Probe the Chromosphere and Photosphere 

Positrons are emitted in the radioactive decay of nuclei 
produced when flare-accelerated ions interact with the solar 
atmosphere (Kozlovsky, Lingenfelter, and Ramaty, 1987). The 
positrons annihilate directly and through formation ofpositro
nium. Annihilation of a positron with an electron yields either 
a line (2 photons) or continuum (3 photons) depending on the 
local density, temperature, and ionization state (Crannell 
eta/. , 1976); thus the measured line-to-continuum ratio helps 
to determine the conditions of the ambient medium. Until the 
RHESS/2002 July 23 flare observation (Share et al., 2003), 
the 511-ke Y line had not been clearly resolved. The line had 
a width of 8.1 ± l.l keY which was consistent with both 
annihilation in an ionized medium 4-7 x 105 K and in a quiet 
atmosphere at 6000K. Detailed particle transport and interac
tion calculations are required to confirm our supposition that 
the latter location does not provide enough column depth for 
the production of radioactive nuclei and for the slowing down 
and annihilation of the positrons. 

We have now studied annihilation radiation in four 
RHESSI flares. The 2003 October 28 flare produced the 
largest fluence of annihilation radiation observed to date 
(Share eta/., 2004a). It also displayed a remarkable change 
in width ofthe 511-keY line (see bottom panel of Figure 13). 
The width of the line changed from an average of -6.5 keY 
to - 1 keY within about two minutes when there was no 
marked change in the bremsstrahlung, nuclear de-excitation 
line, and annihilation line fluxes. The change in line width is 
most clearly shown in Figure 14. There was a rapid change in 
the relative flux in the measured continuum below the line 
early in the flare (see third panel in Figure 13). This step
function increase below the line can be seen in Figure 8. We 
believe that the high continuum flux in the ftrst 2-3 minutes 
is due to Compton scattering of the annihilation line under 
5 to 10 g em- 2 of H. This depth is consistent with an e+ -origin 
from decay of 1t+ -mesons; y- rays from ,r'-meson decay were 
reported a few minutes earlier by CORONAS-F ( Veselovsky 
et a/., 2004; Kuznetsov et al., 2005). From fits to the line 
shapes we conclude that the broad line is likely to be due to 
annihilation in a> 2 x 105 K medium and that the narrow line 
is produced at temperatures < I 04 K, albeit in a highly ion
ized medium. These observations raise issues concerning the 
characteristics of the solar atmosphere during flares. 

There have been two new developments since publication 
of the 2003 October 28 and November 2 annihilation radia
tion studies. Murphy et a/. (2005) have developed an 
improved algorithm that calculates the 5 11-ke Y annihilation 
line spectrum and relative strength of the 3-y continuum for 
a wide range of physical environments relevant to the flaring 
solar atmosphere. We are using these calculations to study 
the annihilation emission from all the flares observed by 
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Figure 13. Time histories of the bremsstrahlung and total nuclear 
de-excitation line fluxes for the October 28 flare are plotted in the 
top two panels. Also shown are the time histories of the 511-keV 
annihilation line flux and width, as well as what we believe is the 
Compton scattered continuum below the line. From Share et a/. 
(2004); reproduced courtesy of the Univ. of Chicago Press. 

RHESSI. Recent studies indicate that the annihilation line 
shape is consistent with Gaussians over the entire October 28 
flare, implying temperatures > 2 x 105 K during the first 
10 min and < 104 K (> 20% ionized) during the last 10 min. 
During both intervals, the inferred density is significantly 
> 1014 H cm-3• What is especially puzzling is the rapid, 
2 minute, transition from broad to narrow line width 
(Figures 13 & 14). The line observed during the November 2 
flare is also broad but it can be fit with the shape expected for 
annihilation in a quiet solar atmosphere at a temperature of 
5000 K (Murphy et a/., 2005); there is uncertainty whether 
the continuum below the line is consistent with this origin, 
however. 

The annihilation line studies, the hardness of the acceler
ated particle spectra, and the apparent detection of pion
decay radiation suggest that we are also studying 
sub-photospheric conditions with gamma rays. It is puzzling 
how the apparently high temperatures and ionization states 
can be supported at these densities. A new aspect is the detec
tion of acoustic waves below the photosphere following the 
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Figure 14. Count spectra of the solar 511-keV annihilation line 
(instrumentally broadened) derived by subtracting bremsstrahlung 
and nuclear contributions during the October 28 flare when the solar 
line was broad (11 :06- 11:16 UT) and narrow (11:18- 11:30 UT). 
The solid curve is the best-fitting model that includes a Gaussian line 
and positronium continuum. From Share et al. (2004); reproduced 
courtesy of the Univ. of Chicago Press. 

October 28 and 29 flares (Donea and Lindsey, 2005). Our 
preliminary estimates indicate that there is sufficient energy 
in ;::: 100 MeV protons to account for the acoustic waves. If 
this association with high-energy protons is correct, acoustic 
waves should have been detected after the 2005 January 20 
flare. The intense bremsstrahlung and nuclear continuum 
combined with weak de-excitation line emission in the 
January 20 flare resembles the electron-rich events suggested 
by Rieger, Gan, and Marschhiiuser (1998). Could these be 
due to episodes with very hard proton spectra that produce 
pions? The hard bremsstrahlung then could result from pion
decay electrons and positrons. Chupp (private communica
tion, 2005) is studying high-energy spectra from electron-rich 
episodes in the 1989 March 6 flare to determine whether the 
high-energy gamma-ray spectrum is consistent with pion
decay emission. 

4.3. Search for Photospheric 3He using Fast Neutrons 

Neutrons produced in accelerated particle interactions with 
the solar atmosphere can escape the Sun, decay, or slow down 
and get captured by either H or 3He. Capture on H produces 
a line at 2.223 MeV while capture on 3He is radiationless. 
Both the angular distribution of accelerated particles and 
concentration of 3He affect the time profile of the capture 
line. Murphy eta/. (2003) have compared the time history of 
the line with calculations to determine both the angular 
distribution of accelerated particles and photospheric 



3He concentration in the 2002 July 23 flare. The nuclear-line 
flux has been used as a surrogate for the acceleration time 
profile. A physically based transport model has been used in 
performing the analysis. We find that the accelerated parti
cles suffer significant pitch-angle scattering in the corona, 
yielding a broad downward-directed distribution. Because 
pitch-angle scattering, spectral hardness, and 3He all affect 
the neutron-capture line timehistory and the nuclear line flux 
was relatively weak, the photospheric 3He abundance is not 
well constrained e He!H = (0.5- l 0.0) X 10-5) . Tatischeff, 
Kiener, and Gros (2005) obtained a similar result for the 
2003 October 28 flare. 
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